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A FRACTURE MECHANICS AND FRACTOGRAPHIC STUDY OF FATIGUE
CRACK PROPAGATION RESISTANCE IN 17-4 PIH STAINLESS STEELS

INTRODUCTION

High-strength precipitation hardening (PH) stainless steels are among the candidate
materials for application in new high-performance surface ships. Such sophisticated appli-
cations will require a far more comprehensive knowledge of the mechanical characteristics
of these materials than presently exists. The study reported here was undertaken to de-
velop basic engineering information on the cyclic crack-growth behavior of 17-4 PH stain-
less steels. The 17-4 family of PH stainless steels represents a highly complex and incom-
pletely understood alloy system. The mechanical properties of 17-4 PH steels can vary
widely, depending upon processing and heat treatment [1, 2]. This investigation resulted
in data on and interpretation of cyclic crack growth in samples of 17-4 PH steels of inter-
est for potential application in naval structures. Both macroscopic fracture-mechanics
cyclic crack-growth test results and microscopic electron fractography interpretations are
presented.

DESCRIPTION OF MATERIALS

Two 1/2-in.-thick rolled plates of 17-4 PH stainless steel were studied, a vacuum-
melted (VM) sample in the H1050 condition and an argon-oxygen melted (AOM) sample
in the H1050 and H1150 conditions. Chemical compositions of the two plates are given
in Table 1. Rough-cut specimen blanks were solution treated at 1900'F for 1 hr. in an

Table 1
Chemical Compositions by Element (wt. pet.)

Melt I Cr I Ni Cu I C M Mn P |S | Si I N OCh I Ta I Co

AOM 15.84 4.26 3.3610.032 10.32 0.02 0.017 0.60 - 0.22 0.01 -
VM 15.81 4.47 3.34 0.046 0.26 0.02 0.008 0.53 0.016 0.28 , 0.01 '0.04

argon atmosphere, followed by an oil quench. Machined specimens were then aged in an
~ ~J. ~ -mm __ IaI r n .

0
2 A. I_ A. . .. t - AN. 1. _ IaOr atmouspnere au einer ±uOu or i1uu V I LJI 111-., ruluuWU uy eiL ULUtl1g. ivicciiaiiiuai

properties of the heat-treated materials are shown in Table 2.

The resulting metallographic features are shown in Figs. 1-3. Although no difference
in prior austenite grain size is apparent between the VM and AOM plates (Fig. 1), they do

Note: Manuscript submitted May 21, 1975.
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exhibit a distinct difference in inclusion populations, as illustrated in Fig. 2. Although
both the AOM and VM plates appear to contain similar, relatively small inclusions of
uniform distribution (but perhaps of greater density in the VM plate), the AOM plate
also contains notable strings of relatively large inclusions. Both plates contain stringers
of 5-ferrite, as exhibited in Fig, 3; however, the AOM plate contains more of this phase.

Table 2
Mechanical Properties

518-in.* I ys a.Reduction

Melt Condition DTE [ ( ka) Elongation of Area Hardness

AOM H1050 110 163.0 1 7O8 12.5 471 2 34.8
AOM Hi1150 125 135.0 148.6 14.2 48.0 32.5

VM H1050 480 1HiO6 .O._ 1O 62 s4

*See Ref. 3.

Fig. I - Traces of prior austenite
grains in (a) AOM plate and (b)
VM plate
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'a- 'CA
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Fig. 2 Inclusion distributions in (a) AOM-
H1150 steel and (b) VM-H1OS0 steel. As
polished.

EXPERIMENTAL PROCEDURES

Fatigue crack growth rate (FCGR) tests were conducted on each of the three materials
studied. Single-edge-notch (SEN) tension spcnienism 1) 415-in think d-inwn sc-heatn4ically,
in Fig. 4a, were employed in the FCGR tests. Crack propagation in these specimens oc-
curred in the T-L orientation [41. The proportions of these specimens and the stress-intensity
formulation utilized in calculating AK values were obtained from Ref. 5. Fatigue crack
growth rate tests were conducted on a ilO-kip capacity closed-loop fatigue machine in am-
bient- laboratorLy- aiur at -a fre quency of 5 Hiz. Observations of crack length were made opti-
cally at approximately 15X using a Gaertner traveling microscope. Specimens of each
material were tested at various stress ratios (minimum stress-intensity factor/maximum
stress-intensity factor stress = R). Ratios of 0.04, 0.40, 0.67, and 0.80 were studied. Du-
plicate specimens were tested in each case, and all FCGR curves reported include data
from two specimens. One specimen was first tested under constant load, then a second
specimen was step-loaded with the load increased incrementally after each 0.100 in. of
crack growth.

3
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Fig. S - Delta ferrite in the (a) AOM-H1050 steel and (b) VM-HIOSO steel,
Etched with Vilella's reagent.

Tensile tests were conducted on 0.357-in. diameter specimens taken from the SEN speci-

mens following FCOR testing. Fracture-toughness values were obtained from 5/8-in. Dy-

namic Tear specimens, Fig. 4b, tested at ambient laboratory temperature in accordance with

Ref. 3.

Replicas were made to determine the mode of cyclic crack propagation across the

spectrum of stress-intensity ranges examined. These replicas were made from cellulose

acetate films which were stripped from the fatigue fracture surfaces (at the midthickness
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positions), shadowed with platinum, and then deposited with a carbon backing. Visual
estimates of percentages of the constituent microfracture modes were made by thoroughly
examining each replica.

RESULTS

The fracture-mechanics, cyclic crack growth results are presented in Fig. 5a, b, c.
These are logarithmic plots of crack growth rate da/dN vs crack-tip stress-intensity factor
range AK for each of the three materials studied.* In each case, the minimum AK values
reported were near 10 ksiW, and several R values are included. Tests were continued
to the maximum stress-intensity level at which optical observation of cyclic crack growth
could be maintained for each combination of material and stress ratio studied. Tests
were terminated either because of the occurrence of fracture or because of experimental
difficulties in monitoring full-slant shear-mode cracks which were known to have irregular
crack front shapes. The significant features of these results are the variation in da/dN
values shown as a function of material variables (processing and heat treatment) and the
varying sensitivities to R. For any given set of values of AK and R, da/dN values can vary
by as much as a factor of five due to metallurgical effects. Also, for any of the materials
studied, da/dN values at any level of AK can vary widely in response to variations in R,
especially for higher levels of AK.

* For tabulations of these data, refer to Appendix A.

5



CROOKER, HASSON, AND YODER

b o b a

SU~~~~~

O- s

0 0 ~ ~ T*/~4~ Ni~I~ 3fl~ ~iM2 2

Ck

-o~~~~~~~~~~~~~~~
b c bIo 

a. I O .dg

i10 0 ieX'~~~~~~~~~~~~~~

(awcp 'D.m? HRiw >-D

6



NRL REPORT 7910

The DT fracture test results are plotted in Fig. 6, which is a modification of the
Ratio Analysis Diagram (RAD) for steels [61. This cumulative plot of fracture toughness
vs yield strength is useful in tne pnresent WUlit JUL 4CUiiidiI U4 iciauivc o U -A
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Fig. 6 - Fracture resistance diagram for steels

toughness values of the three materials studied to one another, as well as to the overall
range of fracture toughness values measured in extensive prior testing of steels. The
results from the 5/8-in. Dynamic Tear (DT) test were plotted in Fig. 6 using procedures
outlined in Ref. 7. It can be seen that for the three materials studied, processing exerts
a greater influence on toughness than does heat treatment. Both of the AOM materials
studied ae of lowI toughness, whereas the VM material exhibited significantly greater
toughness.

The principal fractographic results are summarized in Table 3. As outlined in Table
3, a wide range of fracture mechanisms was detected from the fatigue surfaces of the
specimens examined, including striations (STR), microvoid coalescence (MVC), and micro-
cleavage (CLE). Since cleavage is a particularly low-energy mode of crack extension and
is associated with poor resistance to crack growth, both in fracture and in stress-corrosion
cracking, considerable significance is placed on its occurrence under conditions of cyclic
crack growth. An example of microcleavage observed in the AOM H1050 material is
shown in a stereographic pair of electron fractographs in Fig. 7. It is worth noting that
the occurrence of CLE was virtually confined to the AOM H1050 material and its occur-
rence, along with the associated accelerated crack growth rates, could be suppressed either
through processing or heat-treatment variations.
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Table 3
Summary of Microfractographic Modes of Fatigue Crack Growth

Material I AK(ksiii I R = 0.04 1 AK(ksii.) f t = 0.67
AOM-HI050

AOM-H1150

VM-HOQ50

29

49

68

121

30

'70

148

24

52

100

2-3% OLE
>95% STR

2-3%
10-15%
-'85%

2-5%
-15%

80-85%

5%
85%
10%

100%

CLE
MVO

STR

CLE
MVC
SIR

CLE
MVC

STE

STR

25% MVC
75% STR

100% MVC

100% STE

100% STR

15% MVC
85% STR

*Dashes indicate no further observations,

8

15

26

35

55

17

24

30

47

23

35

49

so

15-20%
15%

65-70%

15-20%
70%

10-15%

15-20%
:75%
5-10%

-1%
-85%

15%

1-2%
-20%

75-80%

1-2%
20%

75-80%

1-2%
40%
60%

1%

50%

--1%
5%

95%

-'1%
5-10%

90-95%

-1%
15%

-85%

;1%5%

OLE
MC
SIR
OLE
MV
STR

CLE
MVC
STE

OLE
MVO
STR

CLE
MVC
STR

CLE
MVC
STE

CLE
MVC
STR

CLE
MVC
STR

CLE
MVC
SIR
CLE

STR

OLE
MVC
STR

CLE
MVC
STE
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Fig. 7 - Microcleavage mode of fatigue crack growth in the AOM-H1050 steel,
R 0.67, tK = 35ksi\/Jin. Steroscopic pair of replica electron fractographs.

DISCUSSION

Fracture Results

The fracture results, which indicate a very distinct beneficial effect of vacuum melt-
ing, are in excellent agreement with the much more extensive fracture studies on 17-4
PH steels conducted by Judy et al. [1]. Beneficial purity effects on fracture toughness
resulting from vacuum melting are well recognized in steels and are the principal factor
in determining metal quality "corridors" on the RAD [6]. It should be pointed out that
the AOM material does not appear amenable to significant improvement in fracture tough-
ness through variation in heat treatment and falls among the least fracture-resistant steels
available at the respective yield-strength levels studied [11.

Cyclic Crack Growth Results

Several investigations have shown that cyclic crack growth, as measured in terms of da/
dN values as a function of ArK, is remarkably invariant in a broad selection of steels (prin-
cipally martensitic), ranging in yield strength from intermediate to ultrahigh levels [8-10].
Conversely, other investigators have shown significant and systematic variations in da/dN
values in similar types of steels which can be related to macromechanical properties or heat
treatment [2,11-13]. However, these previous investigations of cyclic crack growth in steels

9
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have tended, for the most part, to limit the loading conditions to R values near zero (zero-
to-tension), and to make relatively few fractographic observations as a means of explaining
variations (or the lack thereof) in behavior. Thus, an incomplete and somewhat confusing
picture of cyclic crack growth behavior in high-strength steels exists.

Recent investigations conducted in Great Britain have begun to remedy this void in
our knowledge of cyclic crack-growth behavior of metallic materials [14-181. The findings
of these separate investigations largely support the observations of the authors' study of
17-4 PH steels.

The da/dN vs AK results shown in Fig. 5 indicate distinct differences in the cyclic
crack-growth characteristics of the three 17-4 PH steels studied. Several salient observations
are as follows: First, for virtually any combination of AK and R, the H1050 VM material
exhibits lower crack growth rates than does the H1050 AOM material. This can be regarded
as a beneficial purity effect and is in agreement with the findings of Evans et al. [141.
Second, heat treating the AOiM material to the lower yield-strength H1150 temper signifi-
cantly improves the cyclic crack-growth resistance at the low R value (0.04), as compared
to the H1050 AOM material at the same R value, and results in da/dN values comparable
to the VM material despite significant differences in fracture toughness between the AOM
H1150 and VM HI050 materials. However, at higher R values, the lower toughness 111150
AOM material develops significantly higher da/dN values than does the H1050 VM material.
This finding is in general agreement with the results of Rack and Kalish [21. Third, each
material exhibits a significant dependence of dafdN on R, which is most pronounced in
the lower toughness materials; and, this R-factor dependence diminishes with decreasing
AK. In fact, there is a tendency for convergence of nearly all the curves at AK levels near
10 ksb/lif These observations agree, at least in part, with the findings of most of the
British investigations cited in Refs. 14-18.

In recent years, numerous FCGR laws which account for stress-ratio effects have been
formulated. However, attempts to normalize each of the sets of data shown in Figs. Sa, b,
and c into a unified format were unsuccessful. Obviously, in a situation where metallurgical
factors exert such a pronounced effect on cyclic crack growth behavior, no single law based
on continuum mechanics principles will successfully describe such varied behavior. Rather,
an understanding of micromechanistic events is necessary.

Fractographic Results

As shown above, both the VM and AOM steels in the H11150 condition exhibit a
growth rate dependence on R, although the dependence is greater in the case of the AOM
plate. And for a given value of R, the crack propagation rate is higher for the AOM plate.
Electron fractography reveals that this difference in behavior between the two plates cor-
relates with the propensity toward cleavage as a mode of cyclic crack extension. For ex-
ample, at B = 0.04, the AOM-HIO50 steel exhibits 2-5% CLE for AK levels from 29 to
121 ksiVIW. At R = 0.67, however, much more CLE appears, viz, a constant level of 15-
20% for AK ranges of 15 to 35 ksij4ii. On the other hand, the VM-HI050 steel exhibits

--no -cleavage- at -R- = -0A04, -over- -the-whole-spectrum -of AK levels examined;-atR = -0.67,
just a trace of CLE (1%) appears at AK levels from 23 to 80 ksi\in. Thus, the incidence

10
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of CLE appears to coincide with the poorer crack-growth-rate resistance of the AOM
plate. The greater propensity toward cleavage in the AOM plate might be related to the
greater percentage of 8-ferrite in the microstructure.

When AOM steel was aged at a higher temperature to obtain the H1150 condition,
cleavage was completely suppressed as a mode of crack extension, for R = 0.04, and the
crack growth rates were reduced significantly to levels less than or equal to those for the
VM steel in the H1050 condition. This improvement might be related to the increased
formation of reverted austenite in going from the H1050 to the H1150 condition in the
AOM steel, or to the alteration of some feature of the precipitation-hardening mechanism,
e.g., the magnitude of the coherency strains. For cyclic crack growth at R = 0.67, a trace
of CLE (1-2%) did appear at all AK levels examined, from 17 to 47 ksiVITh, just as it did
in the case of the VM steel in the H1050 condition.

While microcleavage is not uncommon as a mode of cyclic crack propagation in
alloys of various families, the nature of its occurrence in the present case is enigmatic in
one respect, viz, that the percent CLE appears to be independent of AK over wide ranges
of LK. This finding contrasts with that for the H900 condition of a 17-4 PH steel studied
by Rack and Kalish [21, who reported that percent CLE increased with AK. While it has
been reported for other alloys that the percent CLE decreases with increased AK [19,20],
this is the first known instance where the percent CLE appears independent of AK, for a
given value of R. Much further work may be required for a full understanding of this
behavior.

SUMMARY

Fatigue crack propagation rates da/dN in ambient laboratory air have been obtained
as a function of stress-intensity factor range AK for an argon-oxygen melted steel in the
H1050 and H1150 conditons, and for a vacuum-melted steel in the H1050 condition.
These growth rates were determined for stress-intensity factor ratios R = 0.04, 0.40, 0.67,
and 0.80. Modes of crack extension were determined by electron fractography to eluci-
date differences in crack-growth-rate behavior. Cleavage appears as a mode of cyclic crack
propagation in this family of steels, to the detriment of cyclic crack-growth resistance.
In particular, it was found that (a) the amount of cleavage appears to be independent of
AK over a wide spectrum of AK levels, (b) the amount of cleavage (as well as the associated
cyclic crack propagation rates) increases significantly with R, (c) heat treatment can be
adjusted to minimize the appearance of cleavage, and (d) slight variations in alloy processing
serve to eliminate cleavage.
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Appendix A

FATIGUE CRACK GROWTH DATA FOR 17-4 PH STAINLESS STEEL

This appendix contains a tabulation of the fatigue crack growth rate (da/dN) vs stress-
intensity factor range (AK) data plotted in Figs. 5a, b, and c.
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Table Al Table A2 Table A3 Table A5
Steel: AOM-H1050 Steel: AOM-H1050 Steel: AOM-H1050 Steel: AOM-H1050

Specimen No.: U46-WR1 Specimen No.: U46-WR4 Specimen No.: U46-WR2 Specimen No.: U46-WR5
R: 0.04 R: 0.04 R: 0.67 R: 0.80

AK I da/dN
(ksiIH) ( (in./cycle) _

1.28X 10-6
1.20
1.59
2.65
3.60
3.80
4.48
6.05
6.65
6.95
6.30
7.05
1.32X 10-5
1.39
1.45
1.21
2.25
3.09
3.18
2.98
4.90
5.15
6.90
4.80

1 5.65
1.53 X 10-4
1.44
1.07
1.35
1.70
3.11
9 = 6A3

4.13
6.58
7.32
8.58

q f

Table A4
Steel: AOM-H1050

Specimen No.: U46-WR3
R: 0.67

15

AK da/dN
(ksiv4i.) (in.[cycle)

10.2
11.3
11.6
11.8
12.0
12.2
13.6
13.9
14.1
14.4
14.5
15.7
15.9
16.1
16.3
16.5
16.7
16.9
17.1
18.7
18.9
19.2
19.4
19.9
21.5
21.8

22.2
22.4
22.6
22.9

1 23.1 1
23.4
25.2
25.5
25.8
26.1 
26.4
26.7
27.1
29.5

1 30.8 
30.6
31.0
31.3

33.9
34.3
34.8
35.2
_ .71

7.55X 10-7
1.15X 10-6
1.23
1.41
1.53
1.48
2.53
2.82
3.03
3.40
2.75
4.50
5.85
5-95
6.10
6.35
7.00
6.65
7.53
9.62
1.08X 10-5
1.02
1.26
1.16
1.77
1.90

2.10
2.0012,30l
2.18
2.10

12,58 1
2.50
3.30
3.38

3.10 
3.08
3.88
5.30

5.50
5.15
5.95
6.60
1 .27 X 10-4 1
1.17
1.37
1.49
1.17
| .OI

AK 1 da/dN
(ksi..i) (in./cycle)

20.g9 3.98 X 10-6
23.2 1 5.44
27.0 7.55
30.2 9.87
32.4 1.12 X 10-5
35.1 1.48
38.3 1.58
41.5 1.88
44.8 2.46
47.8 2.82
50.7 3.23
54.7 3.93
58.7 5.08
68.4 9.76
74.0 1.24X 10-4
79.4 1.78
86.4 2.63
95.8 4.55

AK da/dN
(ksiVin.) | (in./cyele)

16.3 2.71 X 10-6
17.1 1 3.70
17.9 4.50
18.8 5.09
20.0 5.60
21.1 . 6.53
22.1 8.68
23.3 1.13X 10-5
24.8 1.34
26.3 2.12
27.8 2.68
30.4 3.58
33.2 4.32
35.3 7.19
38.7 8.19
43.1 9.78
47.5 1.07 X 10-4
51.7 1.48
56.8 2.22
63.6 3.88

13.7
14.1
14.5
19.9
20A4
21.0
21.5
27.9
28.3
28.7
29.1
29.5
36.7
37.3
38.4
39.0
47.5
49.2
50.2
51.0
60.5
61.3
62.0
62.7
63.3
74.2
75.2
76.1
77.0
78.1
89.5
9241
95.3

110
114
118

I A K I ra/rN I

(ksi/in.) (in./cycle)
10.2 5.90 X 10-7
10.3 6.40
12.3 1.18X 10-6
12.6 1.83
12.9 1.35
13.2 1.69
13.6 2.18
14.0 2.64
16.4 2.80
16.5 2.98
19:o 4.50
19.6 5.17
20.2 5.53
20.6 6.17
26.0 1.52 X 10-5
26.6 1.71
34.2 6.03
45.4 1.O1'X 10-4
64.4 J 3.52
L67.0 [6.20

I
L

I
I

I

I

=j

J

I

I
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Table AG

Steel: AOM-H1150
Specimen No.: U46-WR7

: - n044

Table AS
Steel: AOM-H1150

Specimen No.: U346-WR8
PR n067

Table A10
Steel: AOM-H1150

Specimen No.: U46-WRII
P: 0.80

Table A7
StpeMl: AfIM-1T-1.TI

Specimen No.: U46-WR9
R = 0.05

Table A9
Steel: AOM-H1150

Specimen No.: U46-WRO1
R: 0.67

AK da/dN
(ksiV./Iiii} 3 (in ./cycle)J

11.0
11.2
11.3
11.5
11.6

12.0

13.6
13.8
14.0
14.3
15.7
15.9
16.1
16.3
16.6
16.8
1 IQR._

18.5
187
19.0
19.2

21.2
21.5
21.8

22.4
22.7
24.7
25.0
25.4
25.8
26.0
26.3
28.2
28.5
28.7

29.5
34.7

7.35 X 10-7
-7.60

-7.27

[8.53
* 7180

9.80
1.45 X 10-6
1.58
1.50
1.71
1.73
2.34
2 .6 2
2.40
2.56
3~20
2.88

3.90
4.203
4.63
4.93
5.00
7.10
9.00
9.13
Q QP7n

1.01 x 105S
1.17
1.28
1.60
2.03
1.98
2.02
1.88
2.78
2473
2.45
1.90

2.0

6.17

16

AK I da/dN
(ksi'i E) jn(in./cycle)

31.0 J8.82X 106-
33.9 9.34
37.9 1.03X 10-5
46.9 1.56
51.4 1.92

62.0 2.95
69.8 4.07
75.1 5.33
80.3 6.43
86,8 7.99

101 1.41 X 10-4
109 2 .43
119 2.76
127 b6.5
135 __6.87 ._,

AK j da/dN
(ksiVi. _ (in./cycle)

10.5 1 4.15 X 10-7
12.4 8.05
127 8.85
12.9 M9.5
13.2 1.0 X 10- 6

16.1 2.00
16.5 2.30'
19.5 3.60
20-3 4.18
21.0 4.33
26.2 8.36
26.7 9.70
27.7 1-10X 10-s5
33.6 2.46
34.4 2.35
34.9 1 2.58
35.5 3.11

I Av I VtX y In-4 

53.6 - 2.44
54.4 - 3.08
| 55 3.62

AK [ da/dN
;(ksi-,-n.) (in.icyA-le)

13.5 4.43 X 10- 7
13.9 4.88
14.3 4.88
20.2 1.44 X 10-h -

20.7 -1.55
21.1 1.53
27.4 -2-95

2'7.9 3,08
28.4 3.35
29.5 3.46
3011 5 5.48
32.2 6.17
46.9 - 9.75
49.1 1.00X 10-5
49.9 1.18
74.6 4.40

r70 0 v

89.2 182 X 10-4
90.6 - 1.46

114 5.33

AK fI da/dN J
(k si-W}, (in./cycle) 

22.1 { 7,00X 10-6 4
QA a |I 1 7 -1 n I 5~J.u -L kI t~ /\ t

29.3 1.53
30.0 2.02
36.9 4.68
37.6 5.53L 56.7 3.28X 10-i
58.3 2.74



NRL REPORT 7910

Table All
Steel: VM-H1050

Specimen No.: U69-F3
R: 0.04

AK da/dN
I (ksilii.) _(in./cycle)

3.93 X 10-7
4.20
4.73
5.15
5.63
6.03
6.18
6.84
7.28
7.74
8.24
9.41
1.12 X 10-6
1.90
1.75
1.93
2.08
3.73
4.00
4.42
7.42
1.08 X 10- 5
1.31
5.03
4.10

Table A12
Steel: VM-H1050

Specimen No.: Uf69-Fl
R: 0.04

AK da/dN
(ksiya.) (in/cycle)

17.8 2.37 X 10-6
19.4 2.82
20.4 3.16
21.3 3.54
22.2 3.54
23.2 4.10
24.1 4.35
25.0 4.79
26.4 5.16
28.0 5.90
29.1 6.46
29.9 7.22
30.8 7.19
32.0 8.44
33.1 8.88
34.4 8.73
36.2 8.69
38.5 1.251X 10-s
41.2 1.28
44.2 1.57
47.2 1.58
50.5 2.10
54.0 2.46
56.4 2.41
59.2 3.12
63.0 3.20
67.1 3.69
71.5 4.17
77.1 4.97
82.6 6.31
87.5 7.29
93.5 9.20
99.3 8.80

105 1.17 X 10-4
113 1.45
125 1.74
163 4.04

Table A13
Steel: VM-HI1050

Specimen No.: U69-F5
R: 0.40

AK

(ksi4f E)
12.0

12.2
12.5
15.8
16.1
16.4
16.7
16.9
23.5
24.0
24.3
24.7
24.9
32.2
32.8
33.3
33.9
42.5
43.2
43.8
44.4
45.1
54.4
55.0
56.3
57.0
57.9
68.4
69.2
70.4
71.5
82.7
83.5
84.9
87.9

101
104
111
121

da/dN
(in./cycle)

1.041X 10-6
1.17
1.24
2.59
2.61
2.72
2.82
3.20
6.10
6.53
6.30
7.00
5.90
1.23X 10-5
1.21
1.33
1.40
2.00
2.80
2.30
2.63
2.32
4.60
4.13
4.63
5.00
5.77
1.00X 10-4
9.401X 10-5
1.16 X 10-4
1.56
1.74
2.42
2.28
2.35
6.50
6.28
5,70
6.26

17

10.2
10.5
11.1
11.4
11.7
12.0
12.2
12.5
12.7
13.0
13.3
13.9
14.2
16.9
17.1
17.3
17.8
22.7
23.3
23.9
30.1
37.5
38.3
67.2
68.2

I

I

I

-I

I
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Table A14
St!a:i YvMAAS1AFO

Specimen No.: U69-F2
R: 0.67

Table Al5
gtcnl- VM-H1 050

Specimen No.: U69-F6
R: 0.80

is

I

AK da/dN
(ksiVi.) (in./cycle)

14.4 1.8)X 10-6
1al 0200
15.6 2.29
16.2 2.60
16.9 2.84
17.6 3.19
18.3 3.03
19.0 3.40
19.8 4.16
21.0 4.60
22.2 4.85
23.1 5.48
24.2 6.07
25.6 7.34
27.3 8.09
2R 8.6 R7
29.7 9.29
31.5 1.I1X 10-5
33.4 1.21
35.3 1.42
37.4 1.76
39.7 2.13
42.1 2A48
43.8 2.99
45.7 3.66
48.8 5.61

Z.b b6.37
56.6 8.52
60.2 1.05 X 10-4
62.7 1.96
66.6 1.86
71.8 3.38
76.4 9.30
on0 V I a5

AK da/dN
(ksi__ _.) (in./cycle)

10.2 9.65X io- 7
111 3 |1, on ;:7 X 10 6|

12.1 1.68
13.4 2.06
13.9 2.46
15.5 2.82
15.7 2.67
16.0 3.05
I 1n. 12.93 
18.2 4.78
18.7 4.28
19.0 4.50
20.7 5.10
21.0 5.67
21.7 6.07
99 n A097
23.8 7.15
24.1 7.80
24.5 8.10
24.9 9.40
25.3 1.02X 10-5
25.8 9.70 X 10-6
279 1140X 10-5
28.3 1.33
28.7 1.44
29.2 1.48

1J1.b 1.82 1
32.6 1.84
33.2 2.20
41.4 3.60

EE

I I

��Zfs


